We assessed the risk of chronic kidney disease (CKD) in chronic hepatitis C virus (HCV)-infected patients and the incidence reduction of CKD after receipt of HCV treatment. We also evaluated the risk of membranoproliferative glomerulonephritis (MPGN) and cryoglobulinemia in chronic HCV patients. A retrospective cohort analysis of the Truven Health MarketScan Database (2008Database ( -2015 in the United States was conducted. In a cohort of 56,448 HCV-infected patients and 169,344 propensity score (1:3)-matched non-HCV patients, we examined the association of HCV infection with the incidence of CKD. Of 55,818 HCV patients, 6.6 % (n 5 3666), 6.3% (n 5 3534), and 8.3% (n 5 4628) patients received either interferon-based dual, triple, or all-oral direct acting antiviral agent therapy, respectively, whereas 79% of patients did not receive any HCV treatment. Cox proportional hazards models were used to compare the risk of developing CKD in HCV patients compared with non-HCV patients and treated patients compared with untreated HCV patients. In a multivariate time-varying Cox regression model, HCV-infected patients had a 27% increased risk of CKD compared with non-HCV patients (hazard ratio [HR], 1.27; 95% confidence interval [CI], 1.18-1.37). Among HCV patients, individuals who received the minimally effective HCV treatment for dual, triple, or all-oral therapy had a 30% decreased risk of developing CKD (HR, 0.70; 95% CI, 0.55-0.88). In addition, HCV-infected patients experienced a twofold and a nearly 17-fold higher risk of MPGN (HR, 2.23; 95% CI, 1.84-2.71) and cryoglobulinemia (HR, 16.91; 95% CI, respectively, compared with non-HCV patients. Conclusion: HCV-infected individuals in the United States are at greater risk of developing CKD, MPGN, and cryoglobulinemia. Minimally effective treatment of HCV infection can prevent the development of CKD, although the association was not significant for all-oral therapy. (HEPATOLOGY 2018;67:492-504).
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T he burden of fatal liver disease is increasing in the estimated 3.2 million adults in the United States who are chronically infected with hepatitis C virus (HCV).
(1) Furthermore, chronic HCV infection is associated with extrahepatic manifestations, reported in up to 74% of patients, which may be present long before advanced liver disease presents itself and responsible for non-liver-related deaths. (2) (3) (4) (5) Chronic kidney disease (CKD) is one of the more common extrahepatic manifestations present in patients with chronic HCV; however, reports on the risk of CKD in the chronically infected HCV Abbreviations: ACEI, angiotensin-converting-enzyme inhibitor; ARB, angiotensin II receptor blocker; CKD, chronic kidney disease; CI, confidence interval; DAA, direct acting antiviral agent; HCV, hepatitis C virus; HIV, human immunodeficiency virus; HR, hazard ratio; ICD-9-CM, International Classification of Diseases, Ninth Revision, Clinical Modification; MPGN, membranoproliferative glomerulonephritis; PS, propensity score.
population are inconsistent within the United States. (6) (7) (8) (9) (10) Two recent studies conducted in US Veteran populations assessed the association of chronic HCV infection with the development/progression of CKD and reported divergent results. (6, 9, 10) Molnar et al. (6) found that chronic HCV was associated with higher incidence of decreased kidney function, whereas Rogal et al. (10) concluded that chronic HCV was associated with decreased incidence of CKD. Two metaanalyses determined that patients with HCV had a 23%-43% greater risk of presenting with CKD, (11, 12) whereas another meta-analysis found that HCV was not associated with reduced glomerular filtration rate. (8) The most common HCV-related nephropathy is membranoproliferative glomerulonephritis (MPGN), usually in the context of cryoglobulinemia. (8, (13) (14) (15) Mixed cryoglobulinemia represents 60%-75% of all cryoglobulinemias, (16) leading to clinical manifestations ranging from the mixed cryoglobulinemia syndrome to more serious lesions with neurologic and kidney involvement. (17) Recently, two studies reported the prevalence of MPGN (0.3%) and cryoglobulinemia (0.4%-0.9%) in chronically HCV-infected patients in the United States. (18, 19) However, there is limited evidence regarding the incidence of these renal manifestations in HCV patients. (20, 21) Until late 2013, interferon and ribavirin were the main components of HCV treatment. Despite the positive effects on slowing the renal disease progression, supported by recent Taiwanese studies, (22) (23) (24) interferon and ribavirin treatment carries substantial side effects, leading to very poor adherence and relatively low cure rates. (25) (26) (27) (28) (29) (30) In 2014, the US Food and Drug Administration approved the first all-oral direct acting antiviral agents (DAAs), which have revolutionized the HCV treatment landscape as a result of excellent adherence and very high cure rates (>95%) in as little as 8 weeks even for patients who are very difficult to treat. (28) (29) (30) However, it is unclear whether the new DAAs carry an improvement in renal function and or reduce the incidence of CKD among chronically infected HCV patients residing in the United States.
Therefore, the aims of this study were to 1) determine the incidence of CKD among chronically HCVinfected beneficiaries enrolled in a large health care plan in the United States, 2) determine the impact of treatment on the CKD incident rate in chronically HCV-infected patients within United States, and 3) determine the incidence of MPGN and cryoglobulinemia in chronically HCV-infected patients.
Patients and Methods

DATA SOURCE
We conducted a retrospective cohort study using the Truven Health Analytic MarketScan Commercial and Medicare Supplemental databases (January 2008 through August 2015, prior to the implementation of International Classification of Diseases, Tenth Revision codes). This 8-year nationwide administrative claims database contains person-level information of diagnoses, procedures, and prescriptions for over 100 million individuals in the commercial dataset and 10 million individuals in the Medicare Supplement database. This database captures health care utilization and enrollment records across all settings, including physician outpatient office visits, hospital stays, and pharmacy claims. The study population consisted of employees, dependents, and retirees with employer-sponsored or Medicare Supplemental insurance plans. Institutional review board approval was obtained from the University of Florida.
STUDY POPULATION
Identification of HCV and Non-HCV Patients (HCV vs. Non-HCV Cohorts) Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes 070.44, 070.54, 070.70, 070.71, and V02.62. A patient was determined to be infected with chronic HCV if they had one inpatient chronic HCV diagnosis or two outpatient diagnoses of HCV on separate days within 1 year. The first diagnosis was used as the index date. To establish a non-HCV control group, we selected 20 non-HCV patients matched for age, sex, and calendar year for each chronic HCV patient. For non-HCV patients, we randomly selected one of their medical service dates as the index date. Patients were included if they were 18 years old and continuously enrolled in the health plan 1 year before and 6 months after the index date. Patients who had a diagnosis of CKD before the index date were excluded. Furthermore, for each chronic HCV patient, three non-HCV patients were matched using the propensity score (PS) that was calculated to adjust for the baseline differences in risk factors for CKD between HCV and non-HCV groups. The PS was estimated using logistic regression-based baseline demographic variables including age and gender, and medical conditions reported in the literature associated with chronic HCV and CKD, including diabetes, hypertension, dyslipidemia, chronic obstructive pulmonary disease, coronary artery disease, peripheral vascular disease, cerebrovascular disease, and heart failure identified by ICD-9-CM codes, as well as disease-modifying medications including angiotensin-converting-enzyme inhibitors (ACEIs) and angiotensin II receptor blockers (ARBs).
Identification of HCV Treatment
Groups According to Antiviral Treatment (Treated vs. Nontreated HCV Patients)
The chronic HCV patients were further categorized based on the receipt, type, and duration of HCV treatment using pharmacy claims for HCV treatment. For this analysis, we excluded patients who had undergone HCV therapy before the index date. HCV treatments included three classes: 1) dual therapy, a combination therapy of interferon and ribavirin (interferon alpha, interferon beta, peg-interferon alpha-2a or peg-interferon alpha-2b with or without ribavirin); 2) triple therapy, a combination of boceprevir, telaprevir, sofosbuvir, or simeprevir plus peg-interferon and ribavirin; and 3) all-oral therapy, which included ledipasvir/sofosbuvir, sofosbuvir with ribavirin and ombitasvir/paritaprevir/ ritonavir, and dasabuvir with or without ribavirin. (31) Based on the receipt and duration of treatment received, we classified patients into three different exposure statuses: 1) no treatment, defined as patients who were not exposed to any HCV treatments; 2) minimum effectively treated, defined as patients who received one of three HCV therapeutic treatment regimens prescribed as at least 16 weeks of dual therapy, (24) 8-12 weeks of triple therapy, (28, 29) or 8 weeks of all-oral therapy (30) ; and 3) insufficiently treated, defined as patients who received some treatment but did not meet the criteria for minimum effectively treated yet.
STUDY OUTCOMES
The primary outcome was a diagnosis of CKD stages 3-5. The ICD-9-CM codes of 585.3, 585.4, and 585.5 were used to identify CKD cases. (32) CKD was considered to be diagnosed if there was one inpatient or two separate outpatient claims for CKD within 1 year. The earliest date of CKD diagnosis was defined as the date of outcome. Follow-up started from the index date and continued until study outcome, end of enrollment, or August 31, 2015, whichever came first. The secondary outcomes were the investigations of the renal conditions of nephrotic syndrome or MPGN (ICD-9-CM codes 581.0, 581.1, 581.2, 581.81, 581.89, 581.9, or V13.03) and cryoglobulinemia (ICD-9-CM code 273.2) within the chronically infected HCV adult population. (18, 19) 
STATISTICAL ANALYSIS
Baseline characteristics were compared between HCV and non-HCV cohorts using a t test for continuous variables and chi-square tests for categorical variables. After PS matching, the standardized difference was used to check the balance between two groups, and 0.2 was defined as the threshold to determine statistically significant differences. (33, 34) The number of CKD events and person-years were determined for each group and subsequently used to calculate the incidence rates of CKD (number of events/1000 personyears). We then stratified CKD by age, sex, diabetes, and cirrhosis status, as previous studies have suggested that there was an effect modification on the rate of CKD among these subpopulations. (35, 36) A Cox proportional hazards regression model was used to compare the risk of developing CKD, MPGN, and cryoglobulinemia between HCV and non-HCV cohorts. A Cox proportional hazards regression model with time-dependent covariates was also employed in a sensitivity analysis (Model 1) (Supporting Table S1 ).
The covariates were adjusted for alcohol/drug abuse disorders, human immunodeficiency virus (HIV), hepatitis A virus, hepatitis B virus, cirrhosis, decompensated cirrhosis, and hepatocellular carcinoma in addition to covariates adjusted in PS matching. We did not match for presence of liver disease, an effect mediator of HCV rather than a confounder, and variables that were strongly associated with HCV but weakly associated with CKD (e.g., alcohol/drug abuse) and adjusted for regression models, because previous studies found that incorporating these variables can lead to less successful matching and increased variance. (37) (38) (39) However, we performed sensitivity analyses with matching/adjustment for all factors including liver disease and other covariates.
To assess the association between HCV treatment and the risk of developing CKD among patients infected with HCV, a time-dependent exposure analysis was performed. The number of CKD events and person-years were summarized for each treatment status. Subgroup analyses were performed by type of HCV treatments including dual, triple, and all-oral therapy. Cox regression models with time-dependent covariates were used to adjust for all covariates mentioned in the previous analysis, as well as contraindications to pegylated interferon and ribavirin, which included schizophrenia, depression, seizures, pregnancy, transplantation, anemia, and retinopathy (Model 2) (Supporting Table S1 ). All the analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC).
Results
PATIENT CHARACTERISTICS
We identified 56,489 HCV patients and 847,113 non-HCV patients between January 2008 and August 2015 ( Fig. 1) . Table 1 summarizes the baseline demographic characteristics, comorbid conditions, and medication use between two cohorts before and after PS matching. After PS matching, we identified 56,448 HCV patients and 169,344 non-HCV patients. In the PS-matched groups, the patients' demographic characteristics, including age (mean age: 55), sex (60% male), and several comorbid conditions (e.g., hypertension, dyslipidemia, diabetes mellitus) were comparable between two groups. However, heart failure (standardized difference 5 0.04) and peripheral vascular disease (standardized difference 5 0.04) were slightly more prevalent in the HCV patients compared with the non-HCV patients, but the differences were still within the threshold of acceptable imbalance. (40) The presence of liver disease, not included in PS matching but adjusted in regression models, was more prevalent in HCV patients compared with non-HCV patients.
RISK OF CKD BETWEEN HCV AND NON-HCV GROUPS
We identified 1455 new CKD cases in the HCV group (n 5 56,448) and 2518 new CKD cases in the non-HCV group (n 5 169,344 Sensitivity analysis using the Cox regression model with time-dependent covariates, which took the change of comorbidities and medication use during follow-up into consideration, revealed that HCVinfected patients had a 27% increased risk of CKD (HR, 1.27; 95% CI, 1.18-1.37). In a subgroup analysis, when stratified by different age groups, we found that the association between HCV and CKD was more significant among young adults (age 18-49 years; (Table 3) . Patients who received the all-oral DAA regimens were older and had significantly more advanced liver disease (i.e., cirrhosis, decompensated cirrhosis) and comorbidities (e.g., hypertension, diabetes, coronary artery disease, HIV) than the patients in either the dual or triple therapy groups, respectively. However, although the patients in the no treatment group had similar advanced liver disease compared with patients in the all-oral therapy group, they were more likely to have alcohol/drug abuse and contraindications to pegylated interferon and ribavirin such as schizophrenia, depression, and pregnancy than patients in any of the treatment groups. Table 4 shows the risk of developing CKD among the HCV patients who received minimally effective treatment, insufficient treatment, or no treatment. The majority of CKD events (90%) occurred in patients who received no HCV treatment, carrying a CKD incidence rate of 10.79 per 1000 person-years. The CKD incidence rate decreased among patients who received treatment (10.07 per 1000 person-years) but decreased greatly when patients were on a minimally effective dose of treatment (6.73 per 1000 personyears). After adjusting for baseline and timedependent covariates, overall, we found HCV-infected patients who received the minimum effective duration of therapy had a 30% decreased risk of developing CKD compared with those who received no treatment (HR, 0.70; 95% CI, 0.56-0.88). However, in a subgroup analysis, these associations were only significant for dual (HR, 0.60; 95% CI, 0.43-0.85) and triple (HR, 0.59; 95% CI, 0.37-0.94) therapy but not for alloral therapy (HR, 1.03; 95% CI, 0.68-1.55) ( Table 4) . 
RISK FACTORS RELATED TO INCIDENCE OF CKD IN HCV-INFECTED PATIENTS
RISK OF MPGN AND CRYOGLOBULINEMIA BETWEEN HCV AND NON-HCV GROUPS
For this analysis, we further excluded patients with MPGN and cryoglobulinemia before the index date. Table 5 shows the association between HCV and the development of nephrotic syndrome/MPGN and cryoglobulinemia. The crude incidence rate of MPGN was 0.833 per 1000 person-years in HCV and 0.221 per 1000 person-years in non-HCV groups. The crude incidence rate of cryoglobulinemia was 0.876 per 1000 person-years in HCV and 0.050 per 1000 person-years in non-HCV groups. The Cox proportional hazards regression model indicated that HCV patients had 3.7 and 17 times higher risks of developing nephrotic syndrome/MPGN (HR, 3.74; 95% CI, 2.84-4.93) and cryoglobulinemia (HR, 17.25; 95% CI, 10.91-27.26), respectively. Sensitivity analyses using the Cox regression model with time-dependent covariates, which took the change of comorbidities and medication use during follow-up into consideration, revealed that HCV-infected patients had 2 times and 17 times increased risk of MPGN (HR, 2.23; 95% CI, 1.84-2.71) and cryoglobulinemia (HR, 16.91; 95% CI, 12.00-23.81). We also found that HCV and MPGN association was stronger among women (HR, 3.78; 95% CI, 2.66-5.36) compared with men (HR, 1.74; 95% CI, 1.37-2.19). In contrast, there were no significant differences in the development of cryglobulinemia between HCV-infected men and women. However, we did not find any effects of the HCV treatments on the risk of developing MPGN and cryoglobulin among the HCV patients who received treatments compared with no treatment (Supporting Tables S4 and S5) .
Discussion
This retrospective cohort, PS-matched study provides United States general population-based evidence to support that HCV infection is linked to an increased risk of CKD. In fact, the crude incidence rate among our cohort of chronically infected HCV patients was 10.36 per 1000 person-years compared with 5.72 per 1000 person-years in non-HCV groups. This significant finding was further confirmed in our Cox proportional hazards regression model, which indicated that persons diagnosed with chronic HCV had a 57% increased risk of developing CKD and in our time-varying Cox regression model chronic HCVinfected patients had a 27% increased risk of CKD. The decrease in the risk from 57% to 27% was explained as we controlled for the risk factors known to be associated with the development of CKD after an HCV diagnosis. Nonetheless, our study demonstrates that HCV is significantly associated with increasing the risk for CKD among patients with HCV in the United States, which corroborates other findings that have associated HCV with the incidence and progression of CKD. (6, 9, 11, 12, (22) (23) (24) However, a recent study conducted by Rogal et al. (10) using the Electronically Retrieved Cohort of HCV Infected Veterans Study Group (ERCHIVES) determined that other factors (older age, female sex, diabetes, hypertension, development of cirrhosis, and substance abuse) rather than HCV were associated with the incidence and progression of CKD. They suggested that the reason that HCV was protective for CKD was probably a result of the amount of time patients were exposed to HCV as their patient population was not newly diagnosed with HCV unlike our population who were newly diagnosed chronic HCV patients. We also suggest that the differences in our findings may be due to the variables controlled for in our time-varying multivariate analysis. With the use of time-varying Cox regression modeling, we accounted for the dynamic and complex relationship between variables and time allowing us to identify the top five variables associated with CKD in the chronically infected HCV patient. Specifically these variables were: ACEIs, ARBs, congestive heart failure, hypertension, and transplantation variables similar to the variables Rogal et al. found to be predictors of CKD in their population. Because we accounted for changes that can occur over time, our findings lend more strength of the association of these variables in the development of CKD within patients with chronic HCV infection. A very promising study finding was that exposure to the minimally effective duration of treatment resulted in chronically HCV-infected patients experiencing a 30% decreased risk of developing CKD. However, in the subgroup analysis, the association was only observed with the less-tolerated HCV treatment therapies (dual and triple therapies) and not with the new all-oral regimens. We believe this discrepancy results from shorter follow-up for patients with the new DAAs for treatment (person-years at risk) during the period of study. Although the sofosbuvir plus ribavirin regimen was first used in 2013, US Food and Drug Administration approval for the use of the first all-oral DAA regimen (ledipasvir/sofosbuvir) did not occur until October 2014, so the patients in our study had less than 1 year to be exposed to the newer all-oral DAA regimens (the study period ended in August 2015). Nonetheless, we noted a trend toward decreasing the risk of CKD in HCV-infected patients treated with DAAs-a trend we suspect will become significant as more studies investigate the incidence and progression of CKD in patients with HCV who are treated with the new DAAs. On the other hand, a disturbing study finding was that the majority of HCV patients (79%) within our study were not treated. Although the no treatment group had similar advanced liver disease (cirrhosis, decompensated cirrhosis) compared with the all-oral therapy group, the no treatment group was sicker as noted by the increased number of patients with alcohol/drug abuse issues as well as the number of contraindications to pegylated interferon-and ribavirinbased treatment regimens, which may partially explain why they were not treated. This finding is especially noteworthy because efficacious and safe all-oral pangenotypic therapies are now available and approved for most people to include patients in whom interferon was contraindicated, difficult-to-treat patients, HIV coinfection, and cirrhosis. Nonetheless, the majority of patients not receiving treatment suggests that patients with HCV are still encountering barriers to treatment even within a group with access to health insurance. Therefore, identifying and then overcoming the barriers to identification and treatment remains a significant issue in eradicating HCV as well as eliminating the clinical and economic burden of HCV-associated extrahepatic manifestations including CKD. (3, 41) Another significant and unique finding of this study was the identification of the incidence and risk for developing MPGN and cryoglobunemia among chronically infected HCV patients. To the best of our knowledge, no study has quantified the risk of developing these diseases in the chronically HCV-infected general population in the United States. The crude incidence rate of MPGN and cryoglobulinemia were 6 times and over 8 times higher compared with non-HCV patients, respectively. In fact, results from our Cox regression models indicated that chronically infected HCV patients had 2-3 times higher risk for MPGN and 14-17 times higher risk of developing cryoglobulinemia after adjusting for covariates. Our results were similar to those in studies of extrahepatic manifestations of HCV in United States veterans. (20, 21) A hospital-based case-control study performed among hospitalized male United States veterans (1992-1999) revealed a greater proportion of MPGN (0.36% vs. 0.05%) and cryoglobulinemia (0.57% vs. 0.05%) among patients with HCV infection. (20) In another cohort study of veterans (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) , investigators reported a 4-fold higher risk of cryoglobulinemia in HCV-infected US veterans, though the association was notably weaker than our study, perhaps due to differences in the study population and methods. (21) Interestingly, in our study, female HCV patients were at a significantly higher risk of developing MPGN compared with male HCV patients (HR, 3.78 vs. 1.74; P > 0.05). Several other studies have revealed a stronger association between female sex and cryoglobulinemia, (42) (43) (44) but our study did not reveal any significant sex differences in development of cryglobulinemia. Despite the fact that HCV-related MPGN and cryoglobulinemia are relatively uncommon in the HCV population, these complications are considered a significant problem as a result of the large number of people infected with HCV in the United States and the potential for serious and life-threatening complications to include end-stage renal disease. Unfortunately, we did not find evidence to support a protective effect of HCV treatment in the development of these conditions.
There are several strengths to our study design and the use of a large claims database. First, this study has methodological strength because it employed PS matching, time-varying Cox proportional hazard models on matched groups, and adjustment for immortal time bias, analyses that are different from other previously published studies and which may help to indicate a stronger relationship of HCV and CKD than that reported elsewhere. (22) (23) (24) Second, this study includes the number of strongly associated CKD covariates that were controlled for in the time-varying Cox proportional hazard models, including ACEIs, ARBs, congestive heart failure, hypertension, and transplantation; nevertheless, HCV infection was still a positive predictor for developing CKD. (6, 10) Third, this study is notable for its large sample size and for it being representative of general populations in the United States. Finally, we conducted numerous sensitivity analyses to assess the robustness of our results and found that none of these analyses produced substantially different results from the main analysis.
Several limitations must also be noted. First, the study lacks laboratory results (e.g., sustained virologic response, glomerular filtration rate) to corroborate ICD coding. We adjusted for as many confounders as available and known to be associated with CKD; however, because we were dependent on administrative data, there may have been some unmeasured confounders that were not reported and thus unavailable. Selection bias was present between treated and untreated groups. Detection bias may be introduced by differential screening frequencies for kidney diseases between HCV and non-HCV individuals. Finally, we had a relatively short follow-up, which did not allow us to fully explore the use of DAAs in this population.
In conclusion, individuals infected with chronic HCV in the United States are at a higher risk of developing moderate to severe CKD, MPGN, and cryoglobulinemia. Antiviral treatment for HCV is associated with a decreased incidence of CKD, although the association is yet to be confirmed for the new all-oral DAA therapy. These findings highlight that treating HCV early helps to change the extrahepatic burden of CKD associated with HCV. Therefore, research must continue to identify barriers to the identification of HCVinfected patients and improve access to treatment for all HCV patients. Future studies should include a longer study period to investigate the effects of the all-oral DAA treatment on the development and progression of CKD. Abbreviations: CI, confidence interval; HCV, hepatitis C virus; HR, hazard ratio; MPGN, membranoproliferative glomerulonephritis. *Per 1000 person-years.
